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Summary: A digital image-processing system was devel oped for high-spatial resolution analysis of autoradio grams. The system uses a linear array of charge-coupled devices operating under computer control to scan and digitize autoradiograms into 512 x 512 matrices with 256 gray levels. Software was developed to facilitate quanti tative analysis of auto radiograms produced in single-and multiple-tracer studies. Because of the high output, lin-BACKGROUND Autoradiograms represent high-spatial resolu tion maps of tracer concentration. Their inherent resolution is a function of the type of emulsion and energy of the f3-emissions that produce the expo sures. Typical resolutions run from � 10 to 20 f1m using 3H (mean energy of 6 ke V) on uncoated film to 40 f1m using 14C (mean energy of 55 ke V) with films such as Kodak NMC. Nuclides with higher energies will produce images with slightly less reso lution, while certain sensitive films such as Kodak SB-54 will have substantially less resolution.
To best utilize the information that autoradio grams contain, one must have a method of ob taining measurements of film density with high pre cision, accuracy, and appropriate spatial resolution. In early studies (Reivich et aI., 1969) quantitative analysis was performed by manually measuring density using a photomultiplier tube-based densi tometer with a 100-to 1 ,000-f1m aperture. Although this method was accurate, it was tedious, and earity, and accuracy of the solid-state detectors, the system was found to digitize autoradiograms significantly more precisely and accurately than previously described video camera-or photomultiplier tube-based scanning densitometers. Key Words: Autoradiography-Densi tometer-Digital image processing-Solid-state de tectors.
tracer concentration maps of entire sections could not be obtained since a 2 x 2-cm image from 14C exposure contains >250,000 resolvable regions. Such systems have been improved by interfacing the densitometers to computers (Haas et aI., 1975; Lear et aI., 1981; Bryant and Kutyna, 1983) .
More recently, systems have been developed that can create digitized maps of density of entire sec tions. Goochee et aI., described one of the first practical autoradiographic digitizers in 1980. They interfaced a commercial rotating-drum densitom eter to a minicomputer. The system worked by spinning the film on a drum while a densitometer with a 25-to 100-f1m aperture moved perpendicu larly to the axis of rotation to create a matrix of densitometric values. Software was developed for analysis of the data to perform single-tracer local CBF (Sakurada et aI., 1978) and local CMR g lu (So koloff et aI., 1977) studies. The major limitations of the system were slow scanning speed and some what noisy data.
To reduce the cost of autoradiographic image an alyzers, research groups and companies developed systems that consisted of video cameras interfaced to minicomputers (Gallistel et aI., 1982; Waag et aI., 1982; Som et aI., 1983; Yonekara et aI., 1983; Altar et al., 1984) . Output from a video camera was digi tized line by line and transmitted into the video memory of a computer for display on a monitor. The systems initially reported were fairly slow, taking several minutes to digitize an image with even minimal accuracy acceptable for quantitative analysis. The limited accuracy was a result of in herent problems with most video cameras: low dy namic range, low signal!noise ratios, and poor uni formity of response across the image. Some im provement in signal/noise ratio was obtained by repeatedly scanning the image and averaging the scans, but this lengthened the time needed to digi tize an autoradiogram. Recently, similar video camera systems have been developed that digitize images more quickly, but the other problems re main (Richards et al., 1985) . When compared with rotating-drum densitometer scanners, the perfor mance of video camera digitizers has been found to be similar (Ramm et al., 1984) .
In 1984 To ga et al. described a solid-state digi tizer, the detector of which had improved signal! noise characteristics in comparison with video cameras. They interfaced a commercially available linear array silicon diode camera to a minicomputer and image-processing system. The camera worked by moving a linear array of 1,024 silicon diodes per pendicular to the array axis to create an imaging matrix. Although they reported that the system was useful for digitizing autoradiographs, they did not evaluate its performance in detail. Its major limita tions are a slow scanning speed of 1-4 min, lack of usable headroom, and high cost. Another solid state system that used a commercially available charge-coupled device camera was reported by Alexander and Schwartzman in 1984. While it was capable of scanning a 512 x 512 matrix in �2 s, it produced only 128 true gray levels and also had sensitivity that was lower than optimal for quantita tive autoradiography.
Ta ble 1 summarizes the performance character-istics of several digitizers reported for use in quan titative autoradiography. The importance of these parameters lies predominantly in how they affect precision and accuracy of densitometric measure ment. Precision is related to the size of an incre mental step in scanner output as a fraction of the difference between the highest and lowest image output values. Accuracy relates to how well an output value is reproduced between different mea surements. Video camera systems have precisions and accuracies that limit the detection of differ ences in tracer concentration to �4-5%. The ro tating-drum densitometer system had measured co efficients of variation of tracer concentration deter mination of 6-12%. Because inherent film response uniformity in autoradiography is >99% (Kodak, Inc., NMB film, technical specifications), a more precise and accurate image analysis system could yield more precise and accurate tracer concentra tion maps. This is of particular importance in quan titative multiple-tracer autoradiography where cross contamination must be subtracted from the images without significant introduction of error (Lear et al., 1984) .
SYSTEM DESIGN
We therefore undertook to develop a solid-state image analysis system with high precision and ac curacy of measurement of tracer concentration without excessively long scan times. We investi gated a new type of solid-state detector, the charge coupled device. Charge-coupled devices are avail able in linear or matrix arrays of small detector ele ments. The upper limit of the number of elements available in matrix arrays with acceptable response characteristics was �250 x 250 I year ago when this project was begun, although present tech nology has pushed this limit to �400 x 400. Im provements in the near future should push it even higher. Linear arrays were available with much greater numbers of usable elements along a given direction, > 1 ,000. Because 14C autoradiographs have inherent resolution of> 100 line pairs per cen timeter and 3H autoradiographs have greater than double this linear resolution, we chose to use a linear charge-coupled device array. We obtained arrays (Fairchild, Inc.) that had typical signal/noise ratios exceeding 1,000: 1 (similar to values of silicon diodes) while having � 17 times the inherent sensi tivity (volts/microjoule) of silicon diodes. Thus, we felt that a system using this detector could have performance equal to or higher than that of the sil icon diode array system while permitting shorter scan times.
The charge-coupled device array, a stepping motor, and control circuitry are housed in a camera-type box. To digitize an image the array is moved beneath a lens to scan the image into a 512
x 512 matrix. A Digital Equipment Corporation PDP 11123 + central processor is used to control the array movement. Data from the array are first compensated for slight variations in detector re sponse and then digitized into eight bits and mapped directly into a dual-ported 256-kbyte memory by a direct memory access interface that we designed. The system is thus referred to as a memory-mapped charge-coupled device scanner. Data contained in the dual-ported memory are con tinuously outputed to a high-resolution mono chrome monitor through a 256 x 256 lookup table. A joystick is used to control the lookup table for interactive contrast enhancement and for region-of interest analysis. Dynamic random access memory of 1.25 Mbytes was interfaced through the Q bus for programs and image storage. Two 512-kbyte floppy disk drives were used for long-term storage. Programs were written in Forth and assembly lan guage for typical image-processing requirements of single-and multiple-tracer quantitative autoradiog raphy. These include direct image transformation for conversion of gray scale images to tracer con centration or functional images, average value and histogram region-of-interest analysis, storage and averaging of values of an anatomic region from dif ferent sections, and ratio imaging for uptake com parisons in multiple-tracer studies.
SYSTEM PERFORMANCE
U sing direct memory access data transfer, an au toradiogram can be digitized into a 512 x 512 ma trix in <2 s. The data can be transferred to or from random access memory in <5 s. Images can be cor rected for illumination nonuniformity using true multiplicative correction in < 10 s. Conversion of densitometric images to tracer concentration or functional images can be accomplished in � lOs. The very high system signal/noise ratio permitted increases in sensitivity without increasing noise. This was utilized in a variable gain circuit that con trolled the relationship between charge-coupled de vice output and analog to digital conversion. Auto radiograms of commonly used local CBF and local CMR g 1u tracers were scanned in both normal gain and enhanced gain modes and histograms of gray level distribution were generated. It was found that precision generally could be increased from 30 to 100% without introduction of noise by using the en hanced mode because of the available headroom (see Fig. 1 ).
The reproducibility of the system with respect to densitometric measurement was determined by se quential image scanning. With gain set to allow pre cision of tracer concentration measurement to within 1-2%, an autoradiogram was scanned re peatedly over 2 h. The first image was subtracted from the later images on a pixel-by-pixel basis, an absolute difference image was created, and coeffi cients of variation between pixels in different images were measured. Differences averaged <1 part in 256 for the early scans and increased to <3 parts in 256 over the 2 h. Autoradiographic images from a [ 14C]deoxyglu cose study were scanned using a video camera system (Zeiss, Inc.), rotating-drum densitometer (Optronics, Inc.) and the memory-mapped charge coupled device scanner in enchanced mode. Histo grams of the images showed that the precision of the memory-mapped charge-coupled device scanner was two to three times those of the other systems (see Fig. 2) .
The system was used to scan and digitize autora diographs from a triple-label study comparing the distributions of [ 14C]iodoantipyrine, [ 123I]isopropyl iodoamphetamine, and [20ITI]diethyldithiocarba mate (Lear et aI., 1986) . Its high precision and ac curacy allowed detailed comparisons not pre viously achieved.
DISCUSSION
The last several years has seen the development of several types of systems that can be used for quantitative imaging of entire autoradiograms. The initially reported systems used commercially avail able front ends that were originally designed for ap plications other than quantitative autoradiography, video cameras that had been intended for televi sion, and scanning densitometers that had been constructed for general film analysis. Although they were adequate for some types of quantitative analysis, they were not optimal. The scanning sil- (Optronics, Inc.), and the MM-CCO (enhanced mode). Units are gray level steps for the VC and MM-CCO and optical den sity for the ROO. The difference between the highest and lowest values in the image is significantly greater with the MM-CCO scanner. Thus, the fractional size of an incremental step in output is smaller, i.e., precision is greater. Lower signal/noise ratios of the VC and ROO would cause noise to occur in the data if the gain in their A-to-O conversion were modified to increase sensitivity.
J Cereh Blood Flow Metab, Vol. 6, No.5, 1986 icon diode array system had the potential for higher performance, but it had somewhat long scanning times. Also, because the camera was not originally designed for the relatively low gray scale range of autoradiograms, the potential benefits of the very high dynamic range of the detectors were not fully utilized. While the previously reported charge-cou pled device scanner was fast, its precision was fairly low. The memory-mapped charge-coupled device scanner developed in this study was de signed specifically for autoradiographic analysis. It allows tracer concentration to be measured very rapidly with a precision to < 1 % and accuracy to within 1-2%, which are much better than those re ported for previous systems.
